Introduction
Soon after the first description of IgA nephropathy (IgAN) in 1968, interest developed in the possibility that genetic factors played a role in the pathogenesis of this common glomerular disease, and data addressing this issue have been published since the 1970s.
In this review, we will discuss the rather slow progress made in the analysis of the genetics of IgAN over the last 40 years, with particular focus on data derived from populations of European origin. We will consider some of the reasons why that progress has been slower than initially hoped, we will review critically the strengths and limitations of the currently available data, and make recommendations for the future directions of these studies.
Progress in Genetic Techniques
A succession of genetic techniques has been available for the study of the genetic associations with disease over the last 40 years. The strengths and limitations of each successive new technique have not always been well understood by nephrologists who are not trained in this field. As a consequence, there has typically been a cycle of overoptimism in the strength of each technique, followed by overinterpretation of available data and false conclusions, followed by disappointment and negativity. Realism about strengths and limitations of the methods and the consequent data is required.
Challenges in the Genetic Analysis of IgAN
Genetic techniques which have been applied in the study of IgAN use either a family-based approach or a population-based approach. Family-based approaches have mainly used family aggregation studies or wholegenome linkage. Population-based approaches have mainly used candidate gene association studies and, more recently, genome-wide case control association studies (GWAS). It is also important to appreciate that that there are features of IgAN that make it harder for genetic analysis to be informative.
Is IgAN a Single Disease?
The definition of IgAN is apparently straightforward: the single finding of diffuse mesangial IgA deposition. But the phenotype variations are striking. These include variations in clinical presentation and progression, variations in renal histopathology (although defined by mesangial IgA, a wide range of glomerular and interstitial injury can ensue), variations in transplant recurrence, and variations in apparent geographical incidence [1] . While there are unifying explanations which can draw these together, it must still be accepted that there is no proof that the entity we currently call IgAN is a single 'disease' (using the term 'disease' in its conventional sense of a single entity sharing aetiological factors and pathogenic processes). There is also no proof that IgAN is the same 'disease' in all parts of the world. This uncertainty has implications for our understanding of the genetic basis for the disease.
The Problem of Phenotyping
Any genetic analysis investigating associations between inherited factors and disease risk is built on the presumption that the disease, in this case IgAN, can be identified with certainty in all study subjects, and equally importantly, that the absence of IgAN can be identified with confidence in subjects included in a control study population. Since the definition of IgAN requires the identification of mesangial IgA deposits, all subjects with IgAN will have undergone renal biopsy, and disease identification would appear to be straightforward. Inevitably all such patients will have had clinically identifiable kidney disease at the time of renal biopsy, although in many it may have been asymptomatic, identified for example by routine urine testing. However it is also necessary to be confident that cohorts designated as controls are indeed disease free. It is known that a significant proportion of the general population have mesangial IgA deposition (identified in autopsies [2] and also in living kidney donors [3] ) yet have never had clinically detected kidney disease. We know that clinically mild IgAN may become clinically undetectable during follow-up [4] ; it is therefore impossible in the absence of a biopsy to know whether individuals identified as healthy controls for these studies are indeed free of IgA deposition. Whether mesangial IgA in the absence of clinically evident kidney disease can be considered as IgAN is an unresolved semantic discussion, but it has to be recognised that such individuals have probably been included in control cohorts in all genetic studies in IgAN.
The proper identification of those with IgAN in family studies presents additional important challenges. When IgAN has been identified by renal biopsy in one family member it is common that the presence or absence of IgAN in other family members is deduced without a biopsy from the presence or absence of any urine abnormality (haematuria with or without proteinuria) or other features of kidney disease. This is an unsatisfactory approach to ascertainment since there are other glomerular causes of haematuria. In particular, thin membrane nephropathy (TMN), which also typically presents with non-visible haematuria and can co-segregate with IgAN in some families [5] . It is perfectly possible that among those families identified as having IgAN on the basis of urinalysis alone there will be individuals with TMN but without IgAN. Furthermore, not all family studies have included electron microscopy (EM) in the analysis of those who have been biopsied, meaning it is not possible to define with confidence the contribution of co-existing TMN (which can only be identified by EM). Since TMN is known to be associated with modifications in basement membrane collagen genes, an accurate understanding of the distribution of TMN within any IgAN cohort is required for informed analysis of genetic associations.
The assembly of cohorts of IgAN for genetic analysis is typically achieved by case ascertainment through renal biopsy or clinical databases searched for IgAN. To assemble sufficient cases, some of those included will often have been biopsied several years before study recruitment. Cohorts will include those with ESRD at one extreme, and at the other extreme those whose only clinical manifestation is minor urine abnormality (how minor will depend on each nephrologist's attitude to renal biopsy in such patients). Patients included in published genetic analyses of IgAN therefore include those with IgAN who have progressed to ESRD, and have done so at very different rates, those who have no evidence of disease progression at recruitment, and never will progress, as well as those who have not progressed yet but will do so in the future. If, as seems probable, genetic factors are an important influence on the risk and rate of progressive renal failure in IgAN, the mixing of variable progression risk in any cohort may be a significant confounder for genetic analysis. No published genetic study in European patients or any other population in IgAN has yet included sufficient phenotypic analysis to identify progressors and non-progressors, and this is a challenge given the slow rate of progression which is characteristic of IgAN.
Are 'Genetic Factors' Important in IgAN?
Given these ascertainment and recruitment issues, what is the current evidence that IgAN has a genetic basis? There are several strands of evidence which build the case that genetic factors are indeed an important influence on pathogenesis of IgAN.
Varying Prevalence of IgAN in Different Ethnic Groups
The original descriptions of IgAN were all in patients of European origin, initially in France [6] then in Australia, United States, and soon followed by studies from UK, Germany, Italy and Spain. IgAN became accepted as one of the commonest patterns of glomerular disease especially in younger males. By the 1980s, evidence emerged that IgAN may be even more common in North and East Asians than in European populations and is epidemiologically distinct, most notably in its equal distribution between genders in Asians [7] , contrasted with the marked male dominance in Europeans. Caution may therefore be required when considering the relevance of genetic observations in Asians compared to European populations. And attention must be paid to the relevance of differences in ethnicity within the large cohorts used in GWAS.
More recently, the geographical variations in IgAN have been more carefully defined and show a west-to-east gradient from Africa, both in disease incidence and in distribution of currently understood risk alleles [8] . However, it has also been known for some time that even within Europe there are important variations, between north and south. IgAN appears to be more common in Mediterranean Europe [9] . It has always been debated whether these and other apparent differences in prevalence represent true differences in incidence or may be influenced by variations in the use of renal biopsy. Data from Scotland favour the latter, showing that in two centres only 100 km apart, there was a 70% difference in the incidence of IgAN which was associated with a marked increase in the number of renal biopsies per year [10] , implying that increasing the range of people subjected to renal biopsy, presumably typically with minor urine abnormalities, will increase the identification of IgAN. Data from other registries across Europe also show an increase in the reported incidence of IgAN as the biopsy rate increases.
Increased Risk of IgAN in Relatives of Patients
A second reason for considering genetic factors to be of importance in IgAN is the evidence that there is an increased risk of IgAN in the relatives of probands, particularly in reports from Southern Europe. The prevalence of familial IgAN and of urine abnormalities among family members of probands was first described in Italy: nonvisible haematuria was identified by systematic screening in 24% of relatives of IgAN patients [11] . The same group went on to quantify a 16-fold increased risk of IgAN in first-degree relatives [12] . This has not been confirmed in studies from northern Europe.
Mendelian Transmission in (Rare) Kindreds
Four kindreds have been described in which IgAN is extensively represented in patterns suggesting Mendelian inheritance. In each case, the pattern is suggestive of autosomal dominant inheritance with incomplete penetrance.
These pedigrees have been extensively studied with the presumption that their genetics may be highly informative about the genetics of 'typical' sporadic IgAN. Three of these four kindreds are people of European origin -in the USA [13] , in Italy [14] , and in Canada [15] . The fourth is reported from Lebanon [16] . The linkages identified in these pedigrees are shown in table 1 .
The single most striking finding is that genetic linkage differs in each of the four kindreds, arguing strongly against any generalisability of these findings to sporadic IgAN. Furthermore, studying the three novel loci (designated IGAN1, IGAN2, IGAN3) has identified no likely candidate genes. Only the 2q36 locus identified in the Canadian pedigree genes is potentially informative since it contains COL4A3 and COL4A4 genes coding for basement membrane collagen, mutations of which are associated with TMN [17] .
All of these pedigrees are beset by the ascertainment uncertainties discussed above, since abnormal urinalysis has in a considerable number of cases been regarded as sufficient evidence of IgAN, and if there has been a renal biopsy, EM is infrequently available so that the prevalence of coincidental TMN (defined by EM appearances) cannot be determined.
Evidence from Population-Based Approaches
Candidate Gene Association Studies The yield of data providing robust insights from these studies has been disappointingly small. The candidate gene approach relies on the identification of candidate genes with biological plausibility for relevance to pathogenesis and the availability of identifiable markers of genetic variations with the candidate gene. A variety of techniques have been used, most commonly RFLP (restriction fragment length polymorphism) analysis. The first candidate gene association studies from the late 1970s were carried out in European patients, and the first Asian study was published in 1984. Since then, more than 150 such studies of candidate genes in IgAN have now been published, almost all in cohorts of fewer than 150 patients [18] . It is notable that more than 70% of the published reports identify a positive association between a candidate gene and IgAN, yet the reproducibility of many positive findings in subsequent studies is low. These observations are suggestive of publication bias, and also may in part be explained by the risk of false-positive findings in small study populations when data are exposed to multiple statistical testing. It is now thought that the inconsistency of these findings is explained in part by the haplotype block structure of the human genome [19] .
Genome-Wide Association Studies Evidence for genetic factors in IgAN comes also from genome-wide association case control studies (GWAS). GWAS have dominated the approach to genetic disease susceptibility across a broad swathe of medicine over the last decade [20] . The principle is to genotype with a large number of markers, typically at least 600,000 SNPs (single nucleotide polymorphisms), across the genome in cases and controls. GWAS will identify common alleles in a population that are present at a different frequency in people with disease, based on an assumption that the study population is a good representation of the clinical population affected by the disease being studied. The strength of GWAS is its lack of bias; there are no a priori genomic assumptions. The weakness of GWAS is that areas of the genome are identified by SNPs which are associated with disease, but this does not precisely define the genes involved. This is an important principle since the discussion of disease-associated loci identified by GWAS is too often taken to imply that the genes themselves have been proven to be disease modifiers. GWAS also have potential for false signal: well-matched controls are needed, and great precision is required in the techniques used for DNA isolation and genotyping. GWAS are also sensitive to population stratification. Care is needed to confirm the uniformity of ancestry in any populations studied. For example, the first reported GWAS in IgAN was a UK study of 914 patients, relatives and controls, all of whom self-identified as being of White European ethnicity. Yet, principal component analysis identified 10% of the study cohort who had to be excluded because of clear evidence of mixed ethnicity involving African or Asian population genetic markers [21] . Three independent GWAS in different populations with IgAN have been reported [21] [22] [23] , and recently a fourth meta-analysis incorporating the populations from all three previous GWAS and including additional populations from both Europe and Asia [24] .
The populations studied and main findings in the four published GWAS are summarised in table 2 . The increasing size of the populations studied has not unexpectedly made successive GWAS more informative, providing encouraging reproducibility of significant associations, and revealing increasing numbers of risk alleles with lesser degrees of statistical significance as the study populations have increased.
While European populations have been included in three of the four published GWAS, the populations studied have been dominated by Chinese cohorts. Only 43% of patients in the GWAS discovery cohorts are European, and only 38% of the replication cohorts. Furthermore they have originated from different parts of Europe. In the first GWAS, all subjects were resident in the UK, in subsequent studies cohorts from northern and southern Europe have been included, but in only two of the GWAS was there a cohort from the USA. None have yet studied people of European origin living elsewhere in the world, for example in Australasia or Latin America. While populations from different parts of Europe may have relative genetic homogeneity, environmental variability may confer important variations not identified by genomic study. For example, diet and other environmental differences may modify phenotype independently of genetic processes; or such differences may have epigenetic effects (see below) modifying gene expression.
While successive GWAS of increasing size have continued to identify new risk alleles which are hypothesis-generating, it is perhaps disappointing that a smaller number of higher risk alleles has not emerged. This may in part be explained by the issues of phenotypic definition discussed earlier. There is a contrast with the analytical power available when there is a disease definition based on a very tightly defined clinicopathological phenotype such as membranous nephropathy, in which a remarkably small cohort of patients, all of White European origin, yielded in GWAS a very strong associative signal with SNPs in only two areas of the genome: one in the HLA region on chromosome 6, and the other on chromosome 1 in the region where the commonest autoantigen in membranous nephropathy, phospholipase A2 receptor, is coded. It remains to be seen if the power of GWAS will increase substantially in IgAN when we become better skilled at refining and restricting its diagnostic and phenotypic categories.
The strongest associations in the GWAS are with areas of the genome associated with a number of immune-mediated disorders, notably regions coding for HLA and complement. In all four published IgAN GWAS, the most strongly associated risk alleles are multiple alleles within the HLA region at chromosome 6p21 ( table 2 ). Another risk allele at chromosome 1q32 points to a role for complement-regulatory proteins. Despite the finding of C3 in many biopsies in IgAN, there were few early studies of the role of complement in IgAN, in part because IgA was regarded as a poor activator of complement. However, interest was refreshed by evidence that engagement of the mannose-binding lectin pathway of complement activation was implicated in glomerular injury in IgAN [25] . Now, analysis from GWAS has identified associations between IgAN SNPs in regions coding complement regulatory proteins, most notably CFRH1/3. Whether genetic variations in factor H are indeed implicated in variations in pathogenic processes in IgAN requires further study.
The identification of an increased number of other risk alleles ( table 2 ) gives the opportunity for clustering of these alleles to be sought using the National Human Genomes Research Institute GWAS catalogue, and by comparison with the KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathways. This has shown that there is enrichment of the IgAN GWAS for SNPs implicated in autoimmune or inflammatory traits, and furthermore the majority of loci associated with IgAN encode proteins implicated in the maintenance of the intestinal barrier and regulation of mucosal immune response to pathogens [24] . These interesting observations are hypothesisgenerating but should not yet be taken as proof that genetic variations in these pathways are involved the pathogenesis of IgAN.
Finally, there is an increasing interest in copy number variations (CNV, loosely defined as a deletion, duplication or inversion of a DNA sequence longer than 1 kb) as a source of genetic variation because CNV could in prin- 38 ciple account for a significant variation in disease risk [26] . Through innovations in the design and analysis of SNP arrays and by progress in determining the genomic locations and population-genetic properties of the CNVs that segregate in the human population, it is increasingly possible to study CNV as an extension of GWAS. Such studies are beginning to result in discoveries of both de novo and inherited CNV that are associated with risk of common disease [27] . A recent report in Italian patients with familial IgAN identified a copy number variable region at 3p21.1 that influenced toll-like receptor-9 (TLR9) expression levels [28] . Low copy number was associated with deterioration of renal function in IgAN. However, this study was limited to a small cohort of patients with familial IgAN, and it is uncertain at present whether this finding has a broader applicability in sporadic IgAN.
Genetic Influences on Candidate Biomarkers for IgAN
In IgAN, there continues to be interest in biomarkers, other than conventional measures of renal excretory function and proteinuria, which may have clinical application. The best studied example is the alteration in the O -glycosylation of serum and mesangial IgA, well described in IgAN, and usually regarded as having a significant role in the pathogenesis. Altered O -glycosylation of IgA1 was first described in Europeans [29] but has since been identified in all ethnicities studied and has been reported to be heritable, with up to 25% of healthy blood relatives of subjects with IgAN having abnormal serum IgA1 glycosylation [30] . Abnormal serum IgA1 O -glycosylation is typically found in 90% of patients with IgAN. It is widely considered that the explanation for altered IgA1 glycosylation lies in abnormal function of the specific glycosyltransferases which mediate post-translational glycosylation of IgA1, and given that abnormal serum IgA1 glycosylation is heritable, that the basis for altered function is genetic variation in the genes encoding those enzymes. However, until the publication of GWAS in IgAN, both functional studies of these enzymes and also candidate gene case control studies were notably inconsistent in providing evidence for enzyme dysfunction. For example, there are conflicting data for C1GALT1, the gene encoding the key enzyme β1,3 Gal transferase (on chromosome 7p14-p13) and C1GALT1C1 (on chromosome Xq24) encoding its chaperone protein, Cosmc (C1GALT specific molecular chaperone). Whereas in a Chinese population with IgAN three SNPs of C1GALT1 have been reported in significantly different frequency in IgAN and healthy controls without differences in C1GALT1C1 [31] , this has not been confirmed in Europeans [32] . In GWAS, there has been no association between IgAN and SNPs in regions encoding enzymes and other proteins relevant to IgA1 glycosylation pathways, which is surprising given that hypotheses that were developed before GWAS data became available emphasized a likely central role for genetically determined changes in glycosylation enzymes. The lack thus far of evidence for a genetic defect in post-translational glycosylation machinery means that alternative explanations for altered IgA1 glycosylation in IgAN must be more strongly considered such as a defect in mucosal immunity altering IgA1 response to mucosal antigen, or the possibility that a mucosal type of IgA1 (which has a different glycosylation pattern to serum IgA1) is reaching the circulation because of altered homing of T and B cells with functions relevant to IgA production.
The Contribution of GWAS to Current Understanding of the Pathogenesis of IgAN
Recent discussions of GWAS findings in IgAN have emphasised that there are risk alleles identified in regions of the genome close to genes with biological plausibility, notably regions coding for HLA and complement. However, language should be used with care; in no case so far have hypotheses emerging from these GWAS findings undergone confirmatory functional testing in vitro or in vivo. In no case yet has there been direct sequencing of genes of interest to confirm that the risk alleles identified by SNP in GWAS are indeed identifying alterations in functional regions of the genes of interest.
Interest in novel hypotheses should also not divert attention from the most striking finding that in all the published GWAS, the risk alleles with the statistically strongest associations are within HLA. The complexity of HLA makes it a challenging region of the genome to study, but work to establish the functional and genetic significance of HLA associations with IgAN should be a priority.
While emphasizing the important new insights which have emerged from GWAS, it should not be forgotten that even the latest and largest GWAS meta-analysis only attributes 7.6% of disease risk to genetic factors in Chinese, and 6.2% in Europeans [24] .
The Importance of Epigenetics
The focus of this review is the role played by genetic factors (i.e. changes in DNA sequence) in the pathogenesis and progression of IgAN. However, it is important to remember the likelihood that epigenetic factors, as yet largely uninvestigated, may be equally important. Epigenetic mechanisms are those not involving changes in DNA sequence, but which can alter gene regulation by modulating chromatin access to transcription. The interactions of genetics, epigenetics, and environment provide a much more complex basis for understanding pathogenesis and the emergence of phenotypic variability [33] .
Evidence for epigenetic factors in the pathogenesis of IgAN has only begun to emerge in the last few years. Generic processes common to most progressive kidney diseases have been studied -notably epigenetic factors influencing fibrosis, and also, with advanced kidney disease, the epigenetic impact of uraemia itself. But disease-specific evidence is emerging in the role of microRNAs, short non-coding RNAs that regulate gene expression. Preliminary evidence suggests that they may play a role in altered IgA1 glycosylation in IgAN [34, 35] .
Next Steps
Should There Be a Further GWAS? Available data from GWAS now include cohorts totaling ∼ 5,000 patients with IgAN collected across three continents. Proponents of increasing cohort size will argue that this will allow the identification of a potentially large number of modifier genes with small genetic effect which will all influence the final IgAN phenotypes.
In our view, however, enlarging similar cohorts to identify additional low-risk alleles at this stage will add complexity without clarity. It will be more valuable to work through the hypotheses generated by the now known risk alleles, using direct sequencing and functional studies, to see which hold up under scrutiny.
It may however be valuable to extend GWAS to a wider range of populations within the broad ethnic groups so far analysed: for example, ensuring a wider range of populations with subjects from all parts of Europe as well as populations of European origin who have migrated to North America and Australia. Or widening observations in Asian patients where in the largest GWAS there are only 445 Japanese patients and no Korean patients compared to several thousand Chinese patients.
Improved Phenotyping
The one justification for additional GWAS would be if 'deep' phenotyping could be achieved in existing or new cohorts. Data on the rate and severity of progressive loss of renal function, data on histopathological variation (us-ing the widely accepted Oxford Classification), data on transplant recurrence risk, reliable data on IgAN in family members of probands: all of these would provide a substrate for valuable new analyses, notably to distinguish risk alleles for susceptibility to IgAN from alleles associated with risk of progression. However, such phenotyping can be challenging. In many health economies, patients are referred from wide areas to major centres for specialist assessment including diagnostic renal biopsy. Such centres can therefore in turn recruit significant numbers of patients into GWAS, if inclusion only requires that a diagnosis of IgAN has been made. However, many such patients then return for further clinical followup to a physician who may be far away and less committed to the research, making sequential clinical data collection inconsistent.
Whole-Genome and Exome Sequencing
At present, it is not clear what impact next-generation sequencing techniques will have on our understanding of the pathogenesis of IgAN. It is almost certain, however, that in the coming years there will be whole-genome and exome sequencing of IgAN cohorts, and these are likely to reveal novel disease-associated alleles. However, as with all genetic techniques, the data generated by nextgeneration sequencing will only be as good as the quality and depth of the phenotyping of the population studied.
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